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Lateral domainsWe have prepared palmitoyl sphingomyelin (PSM) analogs in which either the 2-NHwas methylated to NMe,
the 3-OH was methylated to OMe, or both were methylated simultaneously. The aim of the study was to
determine how such modiﬁcations in the membrane interfacial region of the molecules affected interlipid
interactions in bilayer membranes. Measuring DPH anisotropy in vesicle membranes prepared from the SM
analogs, we observed that methylation decreased gel-phase stability and increased ﬂuid phase disorder, when
compared to PSM. Methylation of the 2-NH had the largest effect on gel-phase instability (Tm was lowered by
~7 °C). Atomistic molecular dynamics simulations showed that ﬂuid phase bilayers with methylated SM
analogs were more expanded but thinner compared to PSM bilayers. It was further revealed that 3-OH
methylation dramatically attenuated hydrogen bonding also via the amide nitrogen, whereas 2-NH
methylation did not similarly affect hydrogen bonding via the 3-OH. The interactions of sterols with the
methylated SM analogs weremarkedly affected. 3-OHmethylation almost completely eliminated the capacity
of the SM analog to form sterol-enriched ordered domains, whereas the 2-NH methylated SM analog formed
sterol-enriched domains but these were less thermostable (and thus less ordered) than the domains formed
by PSM. Cholestatrienol afﬁnity to bilayers containing methylated SM analogs was also markedly reduced as
compared to its afﬁnity for bilayers containing PSM. Molecular dynamics simulations revealed further that
cholesterol's bilayer location was deeper in PSM bilayers as compared to the location in bilayers made from
methylated SM analogs. This study shows that the interfacial properties of SMs are very important for
interlipid interactions and the formation of laterally ordered domains in complex bilayers.s, Biochemistry, Åbo Akademi
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Cholesterol is a major component of cell membranes [1]. The
principal biophysical importance of cholesterol in membranes is
believed to be the regulation of phospholipid acyl chain order and
hencemembrane ﬂuidity [2,3]. However, cholesterol does not interact
equally with all membrane phospholipids, and hence cholesterol
effects are felt more by some phospholipids than by others.
Cholesterol avoids interactions with phospholipids that have polyun-
saturated acyl chains [4–6], and prefers to interact with moresaturated phospholipids [7,8]. However, when acyl chains are equally
ordered, cholesterol favors phospholipids with larger head groups
(i.e., phosphocholine) to those with smaller ones (e.g., phosphoetha-
nolamine [9,10]). Interfacial hydrogen bonding is also believed to
stabilize cholesterol/phospholipid interactions, and indeed cholester-
ol interacts more favorably with sphingomyelins (SMs) than with
acyl-chain matched phosphatidylcholines [11,12].
The importance of SM hydrogen bonding for stabilizing the
interaction with cholesterol has been addressed both experimentally
and via atomistic molecular dynamics (MD) simulations. The SM
molecule has two functional groups which are centrally involved in
hydrogen bonding (as H donor) that are not found in corresponding
glycerophospholipids. One is the 3-hydroxyl group on the long-chain
base, and the other is the amide-linkage which couples the acyl chain
to the long-chain base. Already 20 years ago, Bittman and colleagues
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ﬁed so as to abolish its hydrogen-bonding properties [13]. In their
study, both the 3-deoxy and the 3-O-methyl analogs were prepared,
and cholesterol exchange kinetics from vesicles containing these
SM analogs were measured. The key observation was that elimi-
nation of hydrogen bonding at the 3-O function reduced the cho-
lesterol exchange half-time by about 30 % (i.e., lowered cholesterol's
afﬁnity to the bilayer). Since cholesterol exchange was similar
with both 3-deoxy and 3-O-methyl analogs, steric effects from the
methyl on the 3 oxygen were ruled out as causing the faster sterol
exchange kinetics [13]. To examine the contribution of the amide-
linkage to SM/cholesterol interaction, Bittman and colleagues further
prepared SM analogs in which the 3-hydroxyl group was eliminated
(deoxy), and in which the amide-linked acyl chain was replaced by a
carbonyl ester linked acyl chain [14]. By measuring the cholesterol
oxidation susceptibility in equimolar cholesterol/SM analog mono-
layer membranes, it was observed that the cholesterol oxidation rate
was 5.4-fold faster in monolayers containing the carbonyl ester SM
analog than it was in monolayers containing the amide-linked SM
analog. The conclusion at the time was that hydrogen bonding from
the amide-linked acyl chain made SM/cholesterol interaction much
more favorable compared to the situation where the nitrogen was
replaced by oxygen. A favorable SM/cholesterol interaction was
interpreted to lead to protection against cholesterol oxidase-catalyzed
cholesterol oxidation.
In atomistic MD simulations, hydrogen bonding has been shown
to be important in SM bilayers. Hydrogen bonding which involves the
3-OH group is believed to be important for intramolecular hydrogen
bonding (to the head group), whereas the NH function participates
more in intermolecular hydrogen bonding [15–17]. In MD simulations
hydrogen bonding was seen to be more extensive between choles-
terol and stearoyl SM as compared to a comparable system containing
cholesterol and an acyl-matched phosphatidylcholine [18]. Zidar and
colleagues showed in a recent atomistic simulation of a SM/
cholesterol bilayer that the average number of hydrogen bonds per
cholesterol was maximized at 30 mol% cholesterol [19]. In a
simulation of a ternary bilayer system containing dilute amounts of
palmitoyl SM (PSM) and cholesterol in a ﬂuid phosphatidylcholine
bilayer (i.e., POPC:PSM:cholesterol 62:1:1 by mole), hydrogen
bonding was not seen to be of major importance as a stabilizing
force for PSM/cholesterol association [20]. However, charge pair
formation from the PSM head group to the hydroxyl of neighboring
cholesterol led to a PSM head group conformation that stabilized SM/
cholesterol interaction. Cholesterol tilt that has been shown to reﬂect
cholesterol's ordering capability [20] is also less when adjacent to
SM, leading to increased possibilities for van der Waals interactions,
and less exposure of hydrophobic parts of the sterol backbone to
water at the interface [21]. It remains to be determined whether SM/
cholesterol interactions differ in dilute systems and in SM/cholesterol-
rich phases.
To gain further knowledge about the importance of the interfacial
region of SM structure for interlipid interactions and lateral domain
formation, we have prepared palmitoyl SM analogs in which the 3-OH
was methylated, the 2-NH was methylated, or both functional groups
weremethylated (see Scheme 1 for structures). With thesemolecules,
we have experimentally studied their bilayer properties (acyl chain
order, interfacial properties), and their interaction with cholesterol
(acyl chain ordering, sterol domain formation, sterol partitioning
coefﬁcient), and also performed atomistic MD simulations to further
elucidate the mode of cholesterol interaction with the different SM
analogs. Our results show that N- and O-methylations markedly
destabilized the SM gel phase, and hence interfered with interlipid
interactions. The formation of sterol-enriched ordered domains by the
SM analogs was most markedly attenuated by O-methylation.
However, MD simulations revealed that modiﬁcation of one func-
tional group also led tomarked changes in intermolecular interactionsinvolving other functional groups, so a clear-cut interpretation of
causality is not straightforward.
2. Materials and methods
N-palmitoyl-D-erythro-sphingomyelin (PSM) was isolated from
egg SM as described in Ref. [22]. 3-Hydroxymethyl-N-palmitoyl-D-
erythro-sphingomyelin (OMe-PSM), N(methyl)-palmitoyl-D-erythro-
sphingomyelin (NMe-PSM), and 3-hydroxymethyl-N(methyl)-palmi-
toyl-D-erythro-sphingomyelin (NMeOMe-PSM) were synthesized as
described in the supporting material. c-Laurdan was kindly provided
by professor Bong Rae Cho (Department of Chemistry and Center for
Electro- and Photo-Responsive Molecules, Korea University 1-Ana-
mdong, Seoul, 136-701 Korea) and synthesized as described in Ref.
[23]. Sources of commercial chemicals and all synthetic procedures
are described in the supporting material.
The steady-state anisotropy of 1,6-diphenyl-3,5-hexatriene (DPH)
was measured to determine acyl chain order for pure SM analogs, or
SM analog/cholesterol binary bilayers [24]. The formation of ordered
domains by SM analogs (40 mol%) in 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) giant unilamellar vesicles (GUV) was studied
in electroformed GUVs [25,26] and analyzed using the BioImageXD
software [27]. The partitioning of cholesta-5,7,9(11)-trien-3-beta-ol
(CTL) between large unilamellar vesicles and methyl-β-cyclodextrin
(mβCD) was measured to determine the afﬁnity of the sterol for the
bilayers containing SM analogs. The partitioning coefﬁcient was
calculated as described in Ref. [28]. Vesicles for partitioning studies
were composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC)/SM analog (8:2 molar ratio) with 2 mol% CTL. Fluores-
cence quenching of the sterol analog CTL by 1-palmitoyl-2-stearoyl-
(7-doxyl)-sn-glycero-3-phosphocholine (7SLPC) was measured to
study formation and melting of sterol containing ordered domains
[29]. Fluorescence quenching of DPH by 7SLPC was measured to study
formation andmelting of ordered domains [30]. The lipid composition
in the quenching assays was POPC/SM analog/cholesterol/CTL
(60:30:9:1, molar ratio, F0 sample) and in the F-sample, 7SLPC
replaced 50 mol% of POPC. With DPH quenching the ﬁnal probe
concentration was 1 mol%. In atomistic simulations, 100 ns long MD
studies using the GROMACS package [31] were performed at 323 K
(50 °C, which is above the main transition temperature of all
individual lipid types included in the model system) on systems
composed of pure SM analogs and SM analog/cholesterol molecules
(8:2molar ratio) parameterizedwith the OPLS force ﬁeld [32] to study
interactions in ﬂuid bilayers at an atomistic level. The temperature
was selected so that all lipids would be in the ﬂuid phase state during
the simulation, and so that comparisons could be made to previously
performed simulations of analogous bilayer systems. Additional
details for all methods are given in the Supplementary content.
3. Results
3.1. Properties of pure SM analog bilayers
The effects of N and O methylations in the SM structure on gel-
phase stability, and on ﬂuid phase acyl chain order were estimated in
multilamellar bilayer membranes from changes in DPH steady-state
anisotropy as a function of temperature. For partial molecular
structures of the SM analogs examined, please refer to Scheme 1.
Methylations clearly destabilized the gel phase, as the gel-phase DPH
anisotropy was lower in all bilayers containing methylated SM
analogs compared to the PSM bilayer (Fig. 1A). Based on DPH
anisotropy changes with temperature, all threemethylated SM analog
bilayers had their gel–liquid transition at a lower temperature as
compared with PSM, which would agree with destabilized gel phase
in methylated SM analog bilayers. In the liquid-disordered state (e.g.,
5 °C above Tm), all methylated SM analog bilayers had lower DPH
Scheme 1. Molecular drawings of the SM analogs used in this study. From left to right: PSM, OMe-PSM, NMe-PSM, and NMeOMe-PSM.
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methylations in the ﬂuid phase is supported by MD simulation data
shown in Table 1. It shows values for area per lipid, membrane
thickness, and average value of the order parameter given separately
for both chains. Table 1 also includes data for cholesterol tilt discussed
in the next paragraph. One ﬁnds that methylation increased the
bilayer molecular area compared to PSM (Table 1), and decreased the
order parameter both for the long-chain base and the N-linked acyl
chain (Table 1, Fig. S1 in Supplementary content). The MD simulationFig. 1. Acyl chain order and interface properties in pure SM analog bilayers. Acyl chain
order as a temperature function was deduced from the steady-state anisotropy of DPH
(panel A), and interfacial properties at Tm−5 °Cwere deduced from c-laurdan emission
spectra (panel B). Curve identiﬁcation: 1 is PSM, 2 is NMe-PSM, 3 is OMe-PSM, and 4 is
NMeOMe-PSM.data also indicate that bilayer thickness in the liquid-disordered phase
decreased when PSM was replaced with methylated SM analogs (P–P
distance, Table 1).
Laurdan emission is sensitive to changes in interfacial hydration
and lateral packing density [33–35]. c-Laurdan differs from laurdan in
having a carboxyl group on the laurdan amine, positioning the
molecule at the water/membrane interface. Using this probe, we
observed that the emission from gel-phase bilayers was more blue-
shifted with PSM compared to the methylated SM analogs (Fig. 1B),
agreeing with the DPH anisotropy data which suggested that the gel
phase was more disordered with the methylated analogs as compared
to PSM. In the liquid-disordered phase, c-laurdan emissionwas almost
identical for PSM and all methylated SM analogs (data not shown).
MD simulation data from liquid-disordered bilayers suggested that
water penetration was deeper in PSM bilayers compared to the
methylated SM analog bilayers (Fig. S2 in Supplementary content).
However, the difference in interface water density was small and was
not clearly reported by c-laurdan emission from liquid-disordered
bilayers (data not shown).
The formation of ordered domains by SM analogs was also
examined in DOPC GUV bilayers prepared by electroformation.
DOPC was selected as the ﬂuid lipid instead of POPC because of the
lowermiscibility of saturated SM in DOPC. Hence the SM analogs were
expected to form ordered domains which can be visualized using
confocal microscopy. As shown in Fig. 2, PSM, NMe-PSM and OMe-
PSM formed ordered domains which efﬁciently excluded rhodamine-
labeled DOPE, a probe favoring the ﬂuid Ld phase (red pseudo-color).
The SM-rich ordered domains are pseudo-colored to white. PSM in
DOPC GUVs appeared to form the largest proportion of gel-phase
domains (14.7%, Fig. 2C). When PSM was replaced with NMe-PSM or
OMe-PSM, the presence of ordered domains decreased (4.2% for NMe-
Table 1
Structural properties of lipid bilayers as deduced from atomistic simulation. Area per lipid, membrane thickness (measured as a distance between average positions of phosphate
atoms in opposite leaﬂets (P–P distance)), order parameter (averaged over sphingosine (Sph) and acyl chains separately (see also Fig. S1), and cholesterol tilt (characterized by an
angle between the bilayer normal and the vector linking the cholesterol atoms C3 and C17).
Area [nm2]±0.001 P–P distance [nm]±0.005 Order Sph±0.001 Order Acyl±0.001 Cholesterol tilt±0.03
PSM 0.6093 3.853 0.3880 0.3690 –
PSM-CHOL 0.5694 4.028 0.4881 0.4457 22.26
NMe-PSM 0.6201 3.832 0.3746 0.3208 –
NMe-PSM/CHOL 0.5932 3.943 0.4286 0.3783 23.71
OMe-PSM 0.6490 3.754 0.3407 0.3206 –
OMe-PSM/CHOL 0.6185 3.907 0.3933 0.3820 25.38
NMeOMe-PSM 0.7121 3.478 0.2776 0.2356 –
NMeOMe-PSM/CHOL 0.6744 3.655 0.3245 0.3052 27.91
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observed in DOPC GUVs containing NMeOMe-PSM (Fig. 2).
Intermolecular interactions between lipids in one-component
liquid-disordered bilayers were explored with MD simulations.
Table 2 shows the number of hydrogen bonds between lipids and
water, water bridges, charge pairs, and hydrogen bonds where the
donor is amide nitrogen or hydroxyl oxygen. In the case of PSM, we
could see that both groups were involved in hydrogen bonding. The
effect of methylation of the hydroxyl group was unexpected—the
number of H-bonds via the amide nitrogen was strongly reduced by
~95%. However, when the nitrogen group was modiﬁed, hydrogen
bonds through the hydroxyl groupwere preserved (one observes now
20% less H-bonds). The most likely explanation for this observation is
that the OH group is more ﬂexible since it sticks out from the
backbone, while the NH group is part of it and essentially has no
ﬂexibility. Alternatively, one can consider that OH is an acceptor to a
major fraction of hydrogen bonds when the donor is NH, and after
methylation this oxygen is no longer sterically accessible. At the same
time NH is almost never an acceptor for OH hydrogen bonds. In the
case of charge pairs and water bridges, we observed a decrease in the
number of these interactions, which were inversely proportional to
molecular surface area. Similar trends are described and discussed in
our previous studies [36]. In the case of water bridges, this results
from the decrease of these interactions which involve the hydroxyl,
amide and carbonyl groups while one involving the phosphate group
was mostly preserved (data not shown). MD simulations furtherFig. 2. Gel domain formation in giant unilamellar vesicles containing SM analogs and DOPC.
(2:3, molar ratio) for PSM, NMe-PSM, OMe-PSM and NMeOMe-PSM. NBD-DPPE was used t
phase. Row A: original pseudo-colored confocal microscopy images with both data channels
phase area (%) in segmented 3D GUV images. Values in row C are arbitrary units where 0 is fo
segmented, analyzed membrane. Experiments were performed at 21±1 °C. Scale bar is 5 μshowed that the N- and O-methylations did not affect the orientation
of the head group. Nevertheless, the methylation of the OH group
resulted in a large increase in the rotational speed of the head group,
while the effect of NH methylation was rather small (see Fig. S3 in
Supplementary content).3.2. Interaction of sterols with SM analogs in bilayers
Cholesterol is known to have a high afﬁnity to PSM-containing
bilayers [28,37]. We have examined how methylation of the 2NH or
3OH functional groups affected cholesterol's interactions with the SM
analogs in bilayer membranes.
Cholesterol is able to order the acyl chains of ﬂuid phospholipids,
and this ordering can be assessed fromDPH anisotropymeasurements
in bilayer membranes. The steady-state anisotropy of DPH in the ﬂuid
phase of PSM increased with increasing cholesterol concentration
(Fig. S3 in Supplementary content), indicating an increased ordering
of PSM chains. Fluid phase NMe-PSM was also ordered by cholesterol
in a concentration-dependent manner as seen for PSM. However, both
OMe-PSM and NMeOMe-PSM bilayers showed no ordering by 10 mol
% cholesterol, and at higher cholesterol concentrations, the ordering
effect of cholesterol was markedly attenuated compared to either
NMe-PSM or PSM (Fig. S4 in Supplementary content). These results
suggest that the 3-OMe interfered with the ability of cholesterol to
interact with the SM analogs and order their acyl chains.Comparison of gel (white) and ﬂuid (red) phases in GUVs composed of SM analog/DOPC
o detect the membrane (both gel and ﬂuid phases) and RHO-DOPE to detect the ﬂuid
merged. Row B: ﬁnal segmented images (see supporting content for details). Row C: gel
r no gel phase in GUV, and 100% is for all gel phase in GUV. Values are percentages of the
m, for all images.
Table 2
Number of hydrogen bonds between lipids and with water (H2O), water bridges (BR),
charge pairs (CP), hydrogen bonds via the amide group (NH), and via the hydroxyl
group (OH) between lipids per lipid molecule. Hydrogen bonds were evaluated on the
basis of geometrical criteria: the donor (D)–acceptor (A) distance is less than 0.325 nm
and the angle between vectors D–H and D–A is less than 35°. In a water bridge there is a
water molecule simultaneously hydrogen bondedwith two lipidmolecules. Charge pair
is characterized by electrostatic interactions between the positively charged choline
methyl groups and the negatively charged oxygen atoms in lipid molecules whose
distance from one another is less than 0.4 nm (see [48] and references therein).
H2O±0.1 BR±0.01 CP±0.02 NH a±0.005 OH a±0.005
PSM 5.9 0.94 4.15 0.335 0.410
PSM-CHOL 6.2 0.87 3.69 0.352 0.513
NMe-PSM 5.4 0.75 4.13 – 0.341
NMe-PSM/CHOL 5.7 0.64 3.43 – 0.254
OMe-PSM 5.7 0.71 4.07 0.051 –
OMe-PSM/CHOL 6.0 0.64 3.52 0.072 –
NMeOMe-PSM 5.5 0.23 3.11 – –
NMeOMe-PSM/CHOL 5.7 0.24 3.10 – –
a Only those H-bonds where the group acts as a donor are considered here.
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ﬂuorescent reporter for cholesterol and determined the formation and
thermostability of CTL-enriched SM domains in a ﬂuid phospholipid
bilayer. PSM and sterols have been reported to form ordered domains
in which CTL is protected from quenching by 7SLPC [38]. Line 1 in
Fig. 3 (CTL) shows the F/F0 ratio for a PSM containing bilayer as a
temperature function. The sterol/SM-rich domains started to melt
around 10–15 °C and appeared fully melted above 40 °C. Based on a
ternary phase diagram of a similar bilayer composition (save for
7SLPC in the F-composition), a SM gel phase is present at 23 °C, but at
37 °C a liquid-disordered phase is dominant with the possible
presence of a cholesterol-enriched liquid-ordered phase [8,39]. It is
likely that the CTL-rich phase we saw melting in PSM-containing
bilayers (Fig. 3 (CTL)) was a combination of sterol-enriched PSM gel
and liquid-ordered phases. Replacing PSM with NMe-PSM led to the
formation of CTL-enriched domains, but they melted at a markedly
lower temperature (curve 2 in Fig. 3 (CTL)). The bilayer containingFig. 3. Detection of ordered domains in ternary bilayer membranes. Sterol-enriched
domains were determined from CTL quenching (left panel), and ordered domains in
general from DPH quenching (right panel), as described in the experimental section
(see supporting material). F represents relative ﬂuorescence intensity from bilayers
with POPC and 7SLPC (30 mol% each) as the ﬂuid lipids, SM analog (30 mol%) as the
ordered lipid, and sterol (9 mol% cholesterol and 1 mol% CTL). F0 represents relative
ﬂuorescence intensity from bilayers with POPC (60 mol% each) as the ﬂuid lipid, SM
analog (30 mol%) as the ordered lipid, and sterol (9 mol% cholesterol and 1 mol% CTL).
For DPH quenching, conditions were similar except the bilayers contained 10 mol%
cholesterol, and ~1 mol% DPH. Curve identiﬁcation: 1 is PSM, 2 is NMe-PSM, 3 is OMe-
PSM, and 4 is NMeOMe-PSM.OMe-PSM showed only a small amount of sterol-enriched ordered
domains that apparently contained very little CTL (small delta F/F0
before and after melting compared to, e.g., curve 3 PSM), whereas the
double-methylated SM analog failed to form CTL-enriched domains
(curve 4 in Fig. 3 (CTL). These data suggest that methylation on the 3-O
efﬁciently attenuated sterol/SM interaction and the formation of sterol-
enriched ordered domains. These ﬁndings agree with the observation
that cholesterol at low concentrations failed to order the acyl chains of
the OMe-PSM analog (Fig. S3 in Supplementary content). To examine
whether the SM analogs formed ordered domains not reported by CTL,
wemeasuredDPHquenching susceptibility since it canpartition into gel
phases if such are present in the ternary bilayers. However, as shown in
Fig. 3 (DPH), DPH quenching was very similar to CTL quenching,
suggesting that themethylated SM analogs did not form gel phases that
were not reported by CTL quenching.
Several different approaches have been used to more directly
measure interactions between sterols and phospholipids. These
include determination of desorption rates from monolayers [40], or
exchange kinetics between vesicle populations [41]. Recently, we
modiﬁed the cholesterol/cyclodextrin partitioning method of Niu and
Litman [42], to use CTL instead of radioactive cholesterol (at 2 mol%).
Furthermore, in our partitioning assay, there is no need to separate
acceptor vesicles from cyclodextrin [28,43], which makes measure-
ments easier to perform. With this method we have shown that CTL
partitions more favorably to PSM/POPC (20:80) containing bilayers as
compared to POPC alone. Similar data are presented in Fig. 4, which
also includes data for CTL partitioning into methylated SM analog-
containing POPC bilayers. The afﬁnity of CTL to bilayers containing
methylated SM analogs was markedly attenuated compared to PSM-
containing bilayers, both at 23 and 37 °C (Fig. 4). There was no clear
difference in afﬁnity between the methylated SM analogs at either
temperature, but CTL showed a small preference for the methylated
SM analogs compared to POPC.
MD simulations of bilayers containing 80 mol% SM analog and
20 mol% cholesterol suggest that all bilayers were more condensed
(area per lipid decreased) and more ordered in the presence of
cholesterol (Table 1, Fig. S1 in Supplementary content). This is consistentFig. 4. Equilibrium partitioning of CTL between mβCD and unilamellar bilayer vesicles
containing either POPC or POPC:SM analogs (4:1 molar ratio) at 23 °C (open columns)
or 37 °C (grey columns). CTL partitioning was determined as described in the
experimental section (in supporting material), and each value is the average from 3
separate experiments±SEM.
Table 3
Hydrogen bonds (involving OP, N2, OSM, O33, H20) and charge pairs (CP) between
cholesterol and a number of functional groups in lipids and water. Hydrogen bonding is
given for phosphate group (OP), amide group (N2), hydroxyl group (OSM), carbonyl
group (O33), all groups (Tot), and water (H2O). Additionally there are data for charge
pairs. The numbers are given per cholesterol molecule.
PSM±0.005 NMe-PSM±0.005 OMe-PSM±0.005 NMeOMe-PSM±0.005
OP 0.094 0.192 0.222 0.249
N2 0.103 – 0.036 –
OSM 0.457 0.287 0.026 0.011
O33 0.254 0.192 0.171 0.131
Tot 0.908 0.680 0.455 0.403
H2O 0.938 1.120 1.410 1.422
CP 0.659 0.753 0.708 0.768
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to themethylated SManalogs. The effect of cholesterol (quantiﬁed as net
change in area) was not identical in all systems: the strongest effect was
observed for PSM, followed by NMeOMe-PSM, OMe-PSM, and ﬁnally
NMe-PSM, which showed the smallest effect. Although the inﬂuence of
cholesterol was different in each case, the trends in area and order are
the same compared to the single component bilayers. The cholesterol tilt
was found to correlate with surface area but not with the net change of
the bilayer area (Table 1).
To measure the effect of PSM modiﬁcation on the location of the
cholesterol hydroxyl group at the interface, we calculated density
proﬁles of cholesterol oxygen and lipid phosphate atoms as shown in
Fig. 5. Here only proﬁles from the lower layer are shown, with the
phosphate atom distribution overlapping to account for a different
thickness of each bilayer. Fig. 5 shows that the cholesterol hydroxyl
group was located deeper in the PSM membrane than in all systems
comprised of modiﬁed SM analogs. The difference in the location of
the cholesterol hydroxyl group between PSM and modiﬁed lipids was
found to be about 0.20–0.25±0.02 nm.
We also calculated the number of hydrogen bonds (H-bonds)
between cholesterol and lipid, cholesterol andwater, and the number of
charge pairs between cholesterol and lipids. Data are given in Table 3. It
can be seen that the main group involved in H-bonds between SM and
cholesterol was hydroxyl, with about 46% of cholesterol H-bondedwith
this group. The second most important group was carbonyl (25%). The
remaining H-bonds were established with the phosphate oxygen (10%)
and the amide group (10%). In the case of the amide groupwe observed
onlyH-bondswhere cholesterolwas anacceptor,while in the caseof the
hydroxyl, cholesterol was both a donor and an acceptor. Not
surprisingly, any of the modiﬁcations led to a decrease in the number
of hydrogen bonds. Replacing OH with OMe had a greater effect than
replacing NHwith NMe. However, one should note thatmodiﬁcation of
one of the groups affects cholesterol interaction with other groups. For
instance, when NH was substituted by NMe, the number of hydrogen
bonds between cholesterol and OH was reduced by about 40%, and on
hydrogen bonds with carbonyl group about 25%. This effect is likely
explained by changes in the vertical position of the cholesterol hydroxyl
group which was observed in all modiﬁed bilayers—cholesterol's
hydroxyl group in these bilayers was located closer to phosphate
groups, thus hydrogen bonds with the groups located deeper in the
membrane are less probable. In agreement, all the modiﬁed bilayers
showed that the number of hydrogen bondswith the phosphate groupsFig. 5.Molecular dynamics simulations. Partial density proﬁles for the lipids' phosphate
atom and cholesterol's oxygen atom along the bilayer normal direction, the coordinate
value of zero corresponding to the water phase andmembrane center being on the right
hand side. The precise values as for membrane depth are not so important here, since
the distributions of phosphate atoms have been shifted to overlap to account for the
different thicknesses of the different bilayers.and water increased and the number of charge pairs with the choline
group increased as well.4. Discussion
Interfacial hydrogen bonding among sphingolipids in bilayer
membranes is known to contribute to interlipid interactions and to
membrane stabilization [15–17,44]. Glycerophospholipid bilayers are
not similarly stabilized. In this study we have altered the hydrogen-
bonding properties of the PSM molecule by targeted methylation of
either the 2-NH or the 3-OH groups. However, it must be kept in mind
that in addition to affecting hydrogen-bonding properties, these
methylations may also impose steric effects that could inﬂuence
interlipid interactions in bilayer membranes. As a general trend, we
observed that the methylations destabilized the gel phase of the PSM
bilayers. This was evident both from DPH steady-state anisotropy
measurements (Fig. 1A, lower brN correlates with decreased order
[45]), from DPH quenching data (Fig. 3, less thermostable ordered
domains), and from the c-laurdan emission spectra taken from gel-
phase membranes (Fig. 1B, red-shifted emission indicates increased
interfacial hydration [33–35], consistent with gel-phase destabiliza-
tion). Based on GUV data, it also appeared that N and O methylations
of PSM affected negatively the formation of ordered domains, and
with double methylated SM no ordered domains could be seen
(Fig. 2). Despite the fact that a different ﬂuid lipid was usedwith GUVs
compared to the spectroscopic methods, the results from GUVs agree
with the results obtained from DPH quenching (Fig. 3). Gel-phase
destabilization induced by the methylations could indicate either that
interlipid interactions were attenuated because of less hydrogen
bonding, or because of steric effects from the methyls (or both).
Attenuated interlipid interactions caused by the methylations could
also be seen in the ﬂuid phase bilayers, as MD simulations revealed
that methylations increased the bilayer molecular area compared to
PSM, and decreased the order parameter both for the long-chain base
and the N-linked acyl chain (Table 1). The bilayer thickness in the
liquid-disordered phase was also seen to be decreased when PSMwas
replaced with methylated SM analogs (Table 1). The effects of the
methyl modiﬁcations of NH and OH on interlipid interactions likely
resulted from different perturbations caused by these two modiﬁca-
tions—these can be related to at least two different factors: ﬂexibility
and charge distribution. First, ﬂexibility of the modiﬁed groups differ:
the 3-OMe sticks out from the main backbone and is ﬂexible (there
are two torsion angles which allow for many conformations), while
the 2-NMe is part of the main (relatively rigid) backbone and does not
have much internal ﬂexibility. Second, as for charge distribution, the
methyl group in 3-OMe carries a larger partial charge (+0.22) than
the methyl group in 2-NMe (−0.03). Consequently, the interaction of
water with 3-OMe is more favorable (or less unfavorable) than with
2-NMe. One ﬁnds that 2-NMe is buried deeper in the membrane than
the unperturbed 2-NH or 3-OMe (Fig. S2). Taking into account the low
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higher disturbance than in the case of 3-OMe. However, it must also be
kept in mind that whereas MD simulations were carried out at one
temperature, some experimental results were obtained over a temper-
ature range. Any effects (or interpretations) related to the hydrophobic
effect (entropy) are likely to vary signiﬁcantly with temperature.
Methylation of the 2-NH affected SM interactions with cholesterol,
but not as dramatically as methylation of the 3-OH. This can clearly be
seen from the almost complete failure of 3-OMe analogs to form
sterol-enriched ordered domains (Fig. 3A). NMe-PSM could form
sterol-enriched domains albeit with lesser thermostability. The
inability of the methylated SM analogs to form domains which
protected CTL from quenching by 7SLPC in the ﬂuid phase also
correlated with their inability to form ordered domains in general, as
demonstrated by their failure to protect DPH from quenching as
efﬁciently as PSM. The difference between CTL and DPH in
membranes is their location, CTL having an afﬁnity for the bilayer
interface (via its polar hydroxyl group), whereas DPH is located
deeper in the hydrophobic part of the bilayer. Since neither CTL nor
DPH experienced much protection against quenching by 7SLPC when
the ordered lipid was one of the methylated SM analogs, it is likely
that the methylated SM analogs failed to form ordered domains of the
same type as PSM did. However, it cannot be excluded that if (sterol-
or DPH-including) ordered domains were formed by the methylated
SM analogs, they were too small in size to shield the ﬂuorophore from
quenching. The formation of ordered domains in a ternary bilayer is
also affected by the nature or the ﬂuid phospholipid, and by the
mixing of ordered phospholipids with ﬂuid phospholipids. It is
therefore also possible that the failure of methylated SM analogs to
form ordered domains similar to the PSM domains could relate to a
methylation-induced change in the capacity of PSM analogs to
interact and mix with POPC in the ternary bilayer.
The ﬁnding that OMe-PSM appeared to fail to form sterol-enriched
domains is perhaps surprising, since it has been shown that removing
the 3OH function from stearoyl SM (yielding 3-deoxy stearoyl SM)
affected cholesterol exchange rates only moderately (30% decreased
half-time for exchange between vesicles [13]). Cholesterol exchange
kinetics from3-OMe stearoyl SMvesicleswasnot different fromvesicles
containing3-deoxy stearoyl SM, suggesting that amethyl on the3-Odid
not impose such steric effects that would affect cholesterol exchange
kinetics. However, MD simulations showed that the presence of the
methyl in 3-O signiﬁcantly affected head group dynamics, whereas
therewas no such effect in the case of NHmethylation. FromTable 3 it is
also apparent that this modiﬁcation increased the contact of cholesterol
with water, thus it is likely that the 3-O methylated analogs were less
effective in shielding cholesterol from unfavorable interactions with
water (umbrella effect [46]). However, since methylation of 3-OH also
affected hydrogen bonding via the amide nitrogen, a clear-cut
interpretation of causality is not straightforward.
Sterol afﬁnity to bilayers containing methyl-modiﬁed SM analogs
was clearly attenuated when compared to the afﬁnity for PSM
containing bilayer membranes (Fig. 4). These results also suggest that
interactions between sterol and SM methyl analogs were less
favorable than interaction with PSM. The equilibrium partitioning
coefﬁcient of CTL was not markedly different for bilayers containing
differently methylated SM analogs, suggesting that the minor
differences seen for sterol-enriched domain formation (Fig. 3A)
between the analogs (3-OMe vs. 2-NMe) were kinetic in nature and
not seen under equilibrium conditions. This interpretation is
supported by the observation that methylations at both 3-OH and
2-NH forced cholesterol to be positioned closer to the interface as
compared to the situation with PSM (Fig. 5). The average tilt angle of
cholesterol was also larger in bilayers of methylated SM analogs as
compared to PSM (Table 1). A location closer to the interface and an
increased tilt angle, i.e., less van der Waals attractive interactions
between sterol and adjacent acyl chains, should increase the escapefugacity of cholesterol from a bilayer, and result in faster exchange
kinetics [47] and hence lower cholesterol bilayer afﬁnity (Fig. 4).
Although the depth of cholesterol in a bilayer most likely is not the
sole determinant of exchange kinetics or bilayer afﬁnity, it is
interesting to note that cholesterol's position in a stearoyl SM bilayer
was shown to be deeper (0.1–0.4 Å) than in a dimyristoyl phospho-
choline bilayer [18]. It therefore appears that both sterol exchange
kinetics and bilayer afﬁnity correlated somehow with sterol depth in
the bilayer.
In conclusion, we have determined some of the effects of
methylating the 2NH or 3OH functions in the SM molecule. Although
the methylations abolished hydrogen bonding with these methylated
functional groups, the modiﬁcations also affected hydrogen bonding
between other functional groups in the molecules. Our results clearly
show that methylations destabilized the gel phase formed by the SM
analogs, and markedly attenuated interactions with sterols.
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